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Recently there have been increasingly hot debates on whether a bulk Fermi surface of charge-
neutral excitations exists in the topological Kondo insulator SmB6. To unambiguously resolve this
issue, we performed the low-temperature thermal conductivity measurements of a high-quality SmB6
single crystal down to 0.1 K and up to 14.5 T. Our experiments show that the residual linear term
of thermal conductivity at zero field is zero, within the experimental accuracy. Furthermore, the
thermal conductivity is insensitive to magnetic field up to 14.5 T. These results exclude the existence
of fermionic charge-neutral excitations in bulk SmB6, such as scalar Majorana fermions or spinons,
thus put a strong constraint on the explanation of the quantum oscillations observed in SmB6.
Topological insulator is a novel quantum state of mat-
ter, and has been suggested theoretically and observed
experimentally [1–5]. Like the edge channel found in the
quantum Hall system, the strong spin-orbit coupling in
a three dimensional topological insulator leads to a non-
trivial and robust conducting surface state. This metallic
state is protected by the time-reversal symmetry. Studies
on topological insulators have later stimulated the search
for many other topological materials, such as topological
crystalline insulators, Weyl and Dirac semimetals, and
topological Kondo insulator [6–9]. Especially, interaction
effect could play an important role in topological Kondo
insulators and render exotic physics in them.
As one of the most historical heavy-fermion (HF) ma-
terials, SmB6 has been studied for more than 50 years
[10, 11] and was recently shown to be a topological Kondo
insulator [12]. For decades, the low-temperature conduc-
tivity in SmB6 remains puzzling: its resistivity shows
insulating behavior down to a few Kelvins but saturates
down to the lowest temperature upon further reducing
the temperature. This puzzle was successfully resolved
by recent transport experiments, which show that the
material is a bulk insulator but with a metallic surface
[13, 14], consistent with the theoretical prediction that
SmB6 is a topological Kondo insulator [9, 15–17]. At
high temperatures, transport properties are dominated
by thermal excitations in the insulating bulk, and thus
insulating behaviors are observed. At low temperatures,
however, bulk excitations vanishes because of the energy
gap, and surface signals become dominant. The existence
of the metallic surface states is now well established and
observed in a number of experiments[18–31].
Although electric transport measurements so far show
that the bulk of SmB6 has no gapless charge carriers
(namely a finite charge-gap), there exist other experi-
ments suggesting possible gapless excitations in the bulk.
Especially, the recent quantum oscillation measurement
claims multiple Fermi seas in the bulk of an insulating
SmB6 sample [20], in direct contradiction with transport
measurements. As the electrical transport only measures
the charge degrees of freedom and magnetization focuses
more on spins, it is possible that the bulk of the sam-
ple may have some gapless and charge-neutral degrees of
freedom. If these neutral modes form structures similar
to a Fermi sea, they may produce de Haas-van Alphen
(dHvA) oscillation signals. Baskaran [32] proposed that
the bulk of SmB6 may form a Majorana Fermi liquid
or a spin liquid with spinon Fermi surfaces, which is a
highly nontrivial quantum state of matter[33]. However,
such charge neutral modes have not yet been observed in
any other measurements, such as neutron scattering [34].
Their existence in SmB6 is still under hot debate such
that experimentally resolving this issue is highly desired.
To unambiguously solve this puzzle, we performed
the low-temperature thermal conductivity study of a
high-quality SmB6 single crystal. In contrast to electri-
cal transport, thermal conductivity probes both charge
and charge-neutral degrees of freedom, and thus is an
ideal approach to reveal unbiased information about low-
energy excitations in the system. In particular, as dis-
cussed above, one key question in the study of SmB6
is whether its bulk has nontrivial charge-neutral gapless
degrees of freedom. As the thermal conductivity from
these gapless modes is expected to show different scaling
behaviors (e.g. linear in temperature ∼ T for charge-
neutral fermionic excitations) in contrast to the T 3 be-
havior from phonon contributions, our measurement can
directly probe and detect these neutral modes, if they
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2exist in the system. Previously, a heat transport mea-
surement on SmB6 was done at and above 1.5 K [35], and
the thermal conductivity was found to be dominated by
phonons. However, this temperature is too high to com-
pare with the recent dHvA data, and thus cannot provide
a conclusive answer for the puzzle in SmB6.
In this Letter, we report the low-temperature thermal
conductivity measurements of a high-quality SmB6 single
crystal down to 0.1 K. No residual linear term κ0/T is ob-
served at zero magnetic field. Furthermore, the thermal
conductivity is insensitive to magnetic field up to 14.5 T.
The absence of κ0/T unambiguously demonstrates that
no fermionic excitations exist in the bulk SmB6, which
we think can clearly settle down the debate. We shall
discuss other possible explanations of the quantum oscil-
lations observed in SmB6 below.
The SmB6 single crystal used in this work is from
the same batch for previous dHvA and magnetoresis-
tance measurements [19, 21], which was grown by a flux
method. One single crystal of SmB6 with a large natural
surface was cut and polished to a rectangular shape of
1.65 × 0.60 × 0.08 mm3. Figure 1(a) is an optical image
of the sample. Its large natural surface (1.65× 0.60 mm2)
was determined to be the (100) plane by x-ray diffrac-
tion, as shown in Fig. 1(b) and 1(c). From the x-ray
rocking curve in Fig. 1(b), the full width at half maxi-
mum (FWHM) is only 0.06◦, indicating the high quality
of the single crystal. Four silver wires were attached to
the sample with silver paint, which were used for both
resistivity and thermal conductivity measurements in the
(100) plane. The thermal conductivity was measured in a
dilution refrigerator, using a standard four-wire steady-
state method with two RuO2 chip thermometers, cali-
brated in situ against a reference RuO2 thermometer.
Magnetic fields were applied perpendicular to the (100)
plane.
Figure 2(a) shows the temperature dependence of re-
sistivity ρ(T ) for the SmB6 single crystal in zero mag-
netic field. A sharp increase can be seen below 10 K,
as the resistance is dominated by a bulk insulating gap
below the Kondo temperature TK ' 50 K [36]. Below
3 K, a plateau in the ρ(T ) curve is observed, as shown
in Fig. 2(b). This plateau appears as a consequence of
that the resistance of the bulk insulating gap is short
circuited by the contribution from the metallic surface
states. All these features are consistent with previous
measurements on SmB6 [13, 21]. The inverse resistivity
ratio (IRR) of our sample is ρ(0.3K)/ρ(290K) = 5115,
which is one order of magnitude smaller than that in Refs.
[20] and [21]. For SmB6, the room-temperature resistiv-
ity is dominated by thermal excitations in the insulating
bulk, therefore ρ(290K) is independent of sample thick-
ness. However, the resistance at very low temperature is
dominated by the surface signals, which is nearly inde-
pendent of the sample thickness, therefore the derived re-
sistivity ρ(0.3K) is proportional to the sample thickness.
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FIG. 1. (Color online). (a) The optical image of the cut and
polished SmB6 single crystal used in this work, with the di-
mensions of 1.65 × 0.60 × 0.08 mm3. Its large natural surface
was determined to be the (100) plane by x-ray diffraction, as
shown in (b) and (c). (b) The x-ray rocking curve of the
(100) Bragg peak. The full width at half maximum (FWHM)
is only 0.06◦. (c) X-ray diffraction pattern for the large nat-
ural surface. Only (l00) Bragg peaks show up.
Since our sample is very thin (80 µm), a much smaller
ρ(0.3K), thus the IRR, is reasonable. Low-temperature
resistivity in magnetic fields H = 0, 8, and 14.5 T are
shown in Fig. 2(b). One can see that the effect of mag-
netic field is very weak in our field range.
The temperature dependence of the thermal conduc-
tivity for the SmB6 single crystal in zero field is plotted
in Fig. 3(a). The data below 0.35 K are fitted to κ/T =
a + bTα−1, in which the two terms aT and bTα repre-
sent contributions from fermionic zero-energy excitations
and phonons, respectively [37, 38]. Because of the spec-
ular reflections of phonons at the sample surfaces, the
power α in the second term is typically between 2 and
3 [37, 38]. The fitting gives κ0/T = -0.003 ± 0.004 mW
K−2 cm−1 and α = 2.94. Comparing with our experi-
mental error bar ± 0.005 mW K−2 cm−1, the κ0/T of
SmB6 in zero field is virtually zero. Note that for a bulk
SmB6 single crystal, the contribution from the metallic
surface states to the thermal conductivity is actually neg-
ligible. One can estimate this contribution according to
the Wiedemann-Franz law, κ/T = L0/ρ. By dividing the
Lorenz number L0 = 2.45 × 10−8 WΩK−2 with ρ(0.3K),
we estimate the contribution from the surface states of
the order of 0.01 µW K−2 cm−1, which is negligible.
The thermal conductivity of the SmB6 single crystal
in H = 0, 8, and 14.5 T is plotted in Fig. 3(b). The
three curves are almost overlapped with each other. The
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FIG. 2. (Color online). (a) Temperature dependence of re-
sistivity for the SmB6 single crystal in zero magnetic field.
The resistivity increases rapidly with decreasing temperature
below 10 K. (b) Low-temperature resistivity in H = 0, 8, and
14.5 T. The resistivity tends to saturate below 3 K, and the
effect of magnetic field is very weak in our field range.
same fitting process gives κ0/T = -0.006 ± 0.002 mW
K−2 cm−1 and -0.014 ± 0.009 mW K−2 cm−1 for H =
8 T and 14.5 T, respectively. The three κ0/T values are
plotted in Fig. 3(c). One can see that the magnetic
field barely has any effect on the thermal conductivity of
SmB6 up to 14.5 T.
Therefore, the negligible κ0/T in zero and magnetic
field excludes the existence of fermionic charge-neutral
excitations in bulk SmB6, such as scalar Majorana
fermions or spinons. In other words, our thermal con-
ductivity measurements do not support the scenario of
a Majorana Fermi liquid state or a spin liquid state in
SmB6.
Having settled the debate whether there exist charge-
neutral fermionic excitations in bulk SmB6, we turn to
discuss other possible scenarios. One possible scenario
to reconcile the transport and dHvA data in Ref. [20]
is spatial inhomogeneity. In this picture, small metallic
domains are formed inside a SmB6 crystal (like islands
in the sea), due to either some intrinsic mechanisms (e.g.
Kondo breakdown [39]) or impurity contributions. Here,
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FIG. 3. (Color online). (a) and (b) Low-temperature thermal
conductivity of the SmB6 single crystal in H = 0, 8, and 14.5
T. The solid lines represent the fits to κ/T = a + bTα−1 below
0.35 K. (c) Field dependence of residual linear term κ0/T . It
is virtually zero in zero field, and insensitive to magnetic field
up to 14.5 T.
because the metallic islands are isolated by the insulating
crystal, they can only participate in electrical and ther-
mal transport through the tunneling of electrons, but
their magnetization may contribute to the dHvA signals
notably.
It was conceived that the reported “bulk” dHvA sig-
nals may actually come from the metallic surfaces [40].
4This possibility is supported by the recent ARPES mea-
surements, which shows that the dHvA signals, reported
as from the bulk, coincide almost perfectly with what one
should expect from surface states on the (100) and (110)
surfaces [40]. This two-dimensional topological surface
interpretation is also essentially the basic idea of Ref.
[41]. This scenario does not directly contradict with the
heat-transport results in the present paper.
Two scenarios involving three-dimensional bulk inter-
pretation were proposed recently [42, 43]. However, both
scenarios suggest the existence of quantum oscillations
even for band insulators of certain types: either a sim-
ple band insulator of itinerant electrons hybridized with
a localized flat band can exhibit quantum oscillations if
the cyclotron energy is comparable to the electronic gap
[42]; alternatively, an insulator with inverted bands can
show quantum oscillations in its bulk low-energy DOS
due to the periodic gap narrowing in magnetic fields [43].
Without introducing any bulk excitations or the forma-
tion of a bulk Fermi surface (in the scenario of Ref. [43],
the band edges play a similar role as the Fermi surface
in metals and the gap periodically narrows, but the gap
always remains finite), these scenarios can be compatible
with our data.
It was envisaged in Ref. [44] that an intriguing bulk
Fermi liquid (FL) state of conduct electrons with co-
existing spin liquids formed by localized moments, the
so-called FL∗, can emerge as the hybridization between
the conduction electrons and the local moments vanishes
in strong-enough magnetic fields. In this case, there
should be a notable κ0/T in the thermal conductivity
contributed from conduction electrons, which is not ob-
served here at a magnetic field of 14.5 T. Nonetheless,
the quantum oscillations from bulk contribution are al-
ready discernible at 14.5 T in the dHvA experiment in
Ref. [20]. To verify whether the intriguing FL∗ state can
emerge or not in SmB6 at strong magnetic field, further
works of thermal conductivity measurements in higher
magnetic fields than 14.5 T are needed.
In summary, we have measured the thermal conduc-
tivity of SmB6 single crystal down to 0.1 K. No residual
linear term of thermal conductivity was observed at zero
field. The thermal conductivity is insensitive to magnetic
field up to 14.5 T. These results exclude the existence of
fermionic charge-neutral excitations in bulk SmB6, and
are undoubtedly helpful for the discrimination between
the current theoretical scenarios and the introduction of
future ones.
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